Key message Fine roots of orange trees reached a depth of approx. 6 m in a sandy tropical soil. Root area index was more responsive to irrigation than leaf area index. Abstract Although the crucial role of deep rooting on the hydraulic functioning of tropical trees has been pointed out, studies dealing with root development below 2 m are still scarce. Our study aimed to gain insight into the fine root traits of rainfed and irrigated orange trees down to the root front in deep tropical soils. Irrigation was applied during dry periods, only 3-15% more than the annual amounts of water supplied by rain. Fine roots were sampled down to a depth of 8 m on four dates in a randomized block design. The effects of soil depth and irrigation on major fine root traits, total fine root length and the relationship between leaf area index (LAI) and root area index (RAI) were studied. The total fine root mass was 728 g m -2 in rainfed plots and 536 g m -2 in irrigated plots during the driest period (Sept/Oct 2012). Across the four sampling dates, the mean depth of the root front was 6.1 m in rainfed plots and 5.5 m in irrigated plots close to the trees, and approximately 4.5 m in the inter-row covered by Brachiaria decumbens plants. LAI was little influenced by irrigation (about 4.5 m 2 m -2 ), but mean RAI was 19.1 m 2 m -2 in rainfed plots and 13.7 m 2 m -2 in irrigated plots. Small irrigation rates reduced root development in very deep soil layers, and increased fruit production by 9% during the dry year. Deep rooting provides access to water stored in deep soil layers during the rainy season, and thus might have an important functional role during dry periods in tropical orange orchards.
Introduction
Meta-analyses show that trees tend to have deeper roots than shrub and herbs and those roots reach on average a higher depth in tropical regions than in temperate and boreal regions (Jackson et al. 1997; Schenk and Jackson 2002) . Although deep roots are commonly defined as roots growing below a depth of 1 m (Maeght et al. 2013) , fine roots have been found very deeply in some forest ecosystems, down to depths of 50-60 m (Stone and Kalisz 1991) . Roots at depths [5 m can play an important role to supply water to trees during dry periods (Harper et al. 2009; Bleby et al. 2010; Battie-Laclau et al. 2014; Christina et al. 2016) . However, studies measuring fine root distributions down to the root front are scarce in tropical ecosystems due to sampling difficulties (Maeght et al. 2013) . Recent studies in sugarcane and eucalypt plantations growing on very deep Ferralsol soils in Brazil showed that the fine roots at depths [1 m represented about 50% of the total fine root biomass down to the root front (Battie- Laclau and Laclau 2009; Pinheiro et al. 2016) . Maximum rooting depths have probably been under estimated in many tropical terrestrial ecosystems and the role of very deep roots in taking up water and nutrients remains poorly understood (Böhm 1979; Jackson et al. 1997; Freycon et al. 2015) . Tree vertical extension was roughly symmetric above-and belowground for seedlings and clones of various species in Brazilian eucalypt plantations (Christina et al. 2011; Pinheiro et al. 2016) . Small fine root densities can be sufficient to withdraw substantial amounts of water and the root front depth can explain the survival of trees during drought periods Harper et al. 2009; Ma et al. 2013) . Trees adjust their area of water uptake to their area of water loss which constrains leaf and fine root areas (Magnani et al. 2002) . The root area to leaf area ratio and the root length to leaf area ratio depend on genotype (Costa e Silva et al. 2004; Pinheiro et al. 2016 ) and tree age (O'Grady et al. 2006 ). An increase in soil water availability led to a sharp decrease in the root area index (RAI) to leaf area index (LAI) ratio both for a drought-tolerant and a drought-sensitive Eucalyptus globulus clone (Costa e Silva et al. 2004) . Although a plant's capacity to take up water and nutrients is highly dependent on fine root architecture (Guo et al. 2008; Pagès 2011) , changes in fine root traits with soil depth are poorly documented for very deep soil profiles (Prieto et al. 2015) . Roots of different sizes and orders have different functions (absorption of nutrients, transport, support) and therefore different metabolic activities (Pregitzer et al. 1998; Anderson et al. 2007 ). Common fine root traits (mean diameter, specific root length and specific root area) provide indirect information on fine root architecture, and therefore on plant plasticity that may permit to explore resource-rich soil patches (Roumet et al. 2006; Freschet et al. 2015) . Changes in fine root traits did not exhibit a clear pattern between the topsoil and the root front at a depth of approx. 10 m for four genotypes of eucalypt trees in Brazil (Pinheiro et al. 2016) . Some root traits differed between shallow and deep fine roots across 20 plant communities studied in tropical, Mediterranean and montane regions, but absolute differences were small for most of the traits measured (Prieto et al. 2015) .
Studies dealing with fine root distributions are highly relevant in intensively managed tree crops to supply water and nutrients in soil patches where the fine root densities are the highest and therefore to minimize the risk of resource losses by deep drainage. The area of orange orchards harvested in 2012 was 782,041 ha in Brazil, of which 525,514 ha were located in the São Paulo State. Brazil is the first exporter of orange juice with about 60% of the global production (Agrianual 2013). Citrus plants transpire all along the year, and water requirements range from 900 to 1300 mm per year, depending on weather conditions, stocking density, and leaf area index (Parsons et al. 2000) . The area of irrigated Citrus orchards in the São Paulo State is approximately 20% of the total cultivated area and drip irrigation is widely used (Coelho 2010; Salomão et al. 2012) . Irrigation is likely to improve the profitability of orange orchards as a result of better plant growth and fruit quality (Pires et al. 2005; Bremer Neto et al. 2013) . Even in regions where the annual rainfall is relatively high, uneven distributions along the year and/or inter-annual variability can justify irrigation (Pires et al. 2005) . Climate changes should increase the length of dry periods in many Brazilian regions (IPCC 2013), which could make irrigation compulsory for orange production. Irrigation and fertilization are the most important management practices influencing fruit quality in Citrus orchards and efficient use of water is a priority in regions where water is scarce (Martínez-Alcântara et al. 2012) . Although detailed information on plant hydraulic traits is needed to accurately manage irrigation, very deep roots have only been studied by Ford (1954) in orange orchards (Whitney et al. 1991; Souza et al. 2008) . Ford (1954) showed fine roots down to a depth of 5 m.
Our study aimed to gain insight into the exploration of very deep soil layers by fine roots of Citrus trees in tropical regions. We hypothesized that: (1) approximately 50% of the fine roots explore the soil at depths [1 m, (2) the order of magnitude of morphological root traits (mean diameter, specific root length and specific root area) is similar in superficial and deep soil layers, and (3) irrigation decreases the RAI/LAI ratio.
Materials and methods

Study site
The study site was located in South-Eastern Brazil (state of São Paulo, 23°17 0 S; 48°40 0 W) at 630 m above sea level. Over the last 15 years, the mean annual rainfall was 1360 mm and the mean monthly temperature ranged from 15°C to 25°C. The climate is characterized by two distinct seasons: the summer, from October to May, with high rainfall, temperature and global radiation, and the winter with low rainfall and temperature. The distribution of rainfall throughout the study period, from January 2012 to May 2014, followed the usual pattern in region with rainfall events concentrated from November to June (Fig. 1 ). In comparison with historical rainfall patterns, our study period was characterized by high rainfall amounts in winter 2013 and low rainfall amounts in summer 2014 (without any rainfall event [60 mm likely to replenish deep soil layers). The soil was a very deep Ferralic Arenosol (FAO classification) with a high textual uniformity ( below a depth of 100 cm.
Experimental design
Sweet orange [Citrus sinensis (L.) Osbeck] plants of the Valencia variety grafted on Rangpur lime (Citrus limonia Osbeck) were planted in January 2006 at a spacing of 6.5 m between rows and 2.0 m between plants in the planting rows (769 plants per ha). A complete randomized block design was set-up in July 2012 on 1.4 ha in a flat area with two treatments (rainfed vs irrigated) replicated in four blocks. Each experimental plot contained 132 trees distributed in six rows. All the measurements were performed in the inner plots, excluding two buffer rows. Drip irrigation applied in the planting rows of the irrigated plots (four emitters per tree) over the dry periods amounted to a total of 146 mm over the study period, from July 2012 to May 2014 (Fig. 1) .
Repeated applications of dolomitic lime were carried out to maintain the base saturation close to 70% in the 0-40 cm soil layer, 180 kg N ha -1 , 90 kg P 2 O 5 ha -1 and 170 kg K 2 O ha -1 were applied annually after planting. Orange productions in the studied orchard amounted to 15.7 t ha -1 in 2008 (first harvest after planting), then ranged from 34 to 68 t ha -1 between 2009 and 2013 depending on climatic conditions and management practices. 
)
Clay
Silt Sand 0-25 7.8 ± 2.3 2.4 ± 1.6 89.8 ± 1.7 5.2 ± 0.3 10.3 ± 3.2 6.8 ± 2.9 14.3 ± 1.2 5.8 ± 0.4 0.5 ± 0.1 13.6 ± 3.9
25-50 8.1 ± 0.8 2.8 ± 2.2 89.1 ± 1.5 4.7 ± 0.7 8.0 ± 4.9 7.3 ± 6.7 8.0 ± 2.8 4.0 ± 0.9 0.3 ± 0.1 18.1 ± 8.1 50-100 9.7 ± 2.2 2.1 ± 0.6 88.2 ± 1.6 4.4 ± 0.1 6.3 ± 1.7 3.5 ± 0.6 3.6 ± 0.9 1.6 ± 0.2 0.2 ± 0.0 17.0 ± 3.3 100-200 11.3 ± 1.3 1.7 ± 0.4 87.0 ± 1.7 4.1 ± 0.0 5.6 ± 1.0 2.6 ± 0.2 2.1 ± 0.6 0.9 ± 0.3 0.2 ± 0.1 15.6 ± 0.4
200-300 11.7 ± 1.4 0.9 ± 0.4 87.3 ± 1.8 4.1 ± 0.1 4.3 ± 1.2 3.9 ± 0.9 2.7 ± 0.0 0.7 ± 0.3 0.1 ± 0.0 12.9 ± 0.7 300-400 11.7 ± 1.3 0.9 ± 0.5 87.4 ± 1.9 4.2 ± 0.1 4.4 ± 0.6 4.2 ± 0.4 2.7 ± 0.0 0.7 ± 0.0 0.1 ± 0.0 10.2 ± 0.6 400-500 12.7 ± 2.4 1.3 ± 0.2 86.0 ± 2.6 4.4 ± 0.1 4.7 ± 0.8 4.8 ± 0.1 2.4 ± 0.6 0.7 ± 0.0 0.1 ± 0.0 9.6 ± 0.8 500-600 14.4 ± 1.8 1.8 ± 0.4 83.8 ± 2.3 4.2 ± 0.1 4.1 ± 0.4 4.6 ± 1.3 2.8 ± 0.0 0.7 ± 0.0 0.1 ± 0.0 9.8 ± 0.3 600-700 13.8 ± 2.2 1.6 ± 0.5 84.6 ± 2.6 4.3 ± 0.0 5.1 ± 0.0 4.3 ± 1.5 2.5 ± 0.6 0.6 ± 0.1 0.1 ± 0.0 9.5 ± 0.2 700-800 13.9 ± 2.1 1.6 ± 0.4 84.5 ± 2.4 4.3 ± 0.1 5.5 ± 0.6 3.1 ± 0. Aboveground biomass and leaf area
The trunk circumference at a height of 25 cm (just above the grafting) was measured for 12 trees in each plot (48 trees per treatment). A total of 12 trees distributed over the range of circumferences in each treatment were sampled in May 2013 to estimate the aboveground biomass. The crown of the trees was divided into three parts (upper, medium and lower). The trees were separated into four components: leaves, twigs (diameter \2 cm), branches and trunk. Subsamples of each component were dried at 65°C to constant weight. Thirty leaves randomly selected were scanned immediately after collection in each crown third and dried at 65°C to estimate the leaf water content and the specific leaf area (SLA, estimated as the ratio between the area and the dry mass of the sampled leaves, cm 2 g -1 ). Leaf dry matter in each third of the crown of the sampled trees was estimated from the fresh leaf weight measured in the field and the water content measured for 30 leaves. Leaf area was estimated multiplying leaf dry matter by the SLA in the same third of the crown. Aboveground biomass and leaf area index (LAI) were calculated in each treatment applying allometric equations to the square diameter of the trunks at 25 cm above the soil in each plot (R 2 [ 0.89, except for LAI in the rainfed treatment with R 2 = 0.75).
Root sampling
The stump (cut at the soil surface) and all the coarse roots (diameter [1 cm) of four trees per treatment covering the range of trunk circumferences were excavated and weighed in the field. Sub-samples were oven dried at 65°C to estimate the dry weight of stumps and coarse roots. Three trenches (3 m 9 1 m 9 1 m) were dug close to one tree of average diameter in each plot (in three blocks) to sample medium-sized roots (2-10 mm in diameter) (Fig. 2) . The roots were separated from the soil, dried at 65°C and weighed. A mechanized soil corer (internal diameter of 7 cm) was used to sample fine roots at the end of the winter (September/October 2012 and 2013) and at the end of the summer (March/April 2013 and 2014). The fine roots were sampled at four distances from the trees down to a depth of 1 m in each plot (Fig. 2 ) for a total of 64 sampled positions down to 1 m in each treatment (4 positions 9 4 blocks 9 4 times). Among the four positions sampled in each plot, the nearest and the farthest of the trees were sampled down to a depth of 8 m (for a total of 32 sampled positions down to 8 m in each treatment over the study period). The 0-25 cm soil layer was collected, then the 25-50 cm layer, the 50-100 cm layer, and then every 50 cm down to a depth of 8 m. FLORAGRO (2011) prepared a short video showing the methodology used to sample very deep fine roots in eucalypt plantations. This method briefly described by Christina et al. (2011) has been used here in an orange orchard. We were especially careful to avoid contamination of the soil samples collected in deep soil layers by roots from the upper layers. After sampling the soils down to a depth of 2 m, we dug further to enlarge the diameter of the hole and we installed a 2-m long plastic tube with a diameter of 20 cm to avoid surface soil falling further down. Moreover, we only considered soil blocks from the inner part of the auger and all fragmented soil pieces likely to come from upper soil layers were systematically discarded. Therefore, only a fraction of the soil sampled at each depth was collected and the fine root mass density in each soil sample was computed dividing the fine root dry weight by the soil dry weight. The root front was defined in each plot as the depth of the layer where the deepest root was observed. Soil samples were collected approximately 2 m beyond the last root found at each sampling position to check that the root front was not underestimated (maximum soil coring down to 9.5 m at the position where fine roots were found down to 7.5 m).
Soil samples were gently washed and fine roots (diameter \2 mm) were carefully separated by hand. Living and dead roots were distinguished using criteria of colour, living stele and elasticity. While living roots were yellow and flexible, dead roots were grey and breakable. Only living roots were studied, dead roots were discarded. A sub-sample (10% by weight of each sample) was separated and washed through sieves with a mesh size of 300 lm to separate the roots \1 cm in length and the remaining sample was washed through sieves with a mesh size of 500 lm to separate all the fine roots with a length C1 cm. At the first sampling dates (September/October 2012 and March/April 2013), a sub-sample of fine roots of each soil sample was scanned (400 dpi) and the images were analyzed with the WinRHIZO 2.0 software (Régent Instruments, QC, Canada). Subsequently, the roots were dried at 65°C for 72 h to determine their dry mass. Fine root mass in each soil sample was estimated by summing the mass of the entire roots C1 cm in length with ten times the mass of the roots \1 cm in length (separated in 10% of the soil sample mass). Root densities per unit of soil dry weight were converted into root densities per unit of soil volume using soil bulk densities measured in three pits per treatment down to a depth of 2 m. Soil texture varied little between the depths of 2 and 8 m (Table 1) , and the bulk density of the 1.5-2.0 m layer was considered constant below 2 m. Fine root mass density (FRMD, g dm -3 ) was estimated for each soil sample as the ratio between the dry mass of fine roots and the soil volume sampled. Individual values per soil layer (four values for 0-1 m and two values for 1-8 m) were averaged arithmetically to estimate FRMDs in each plot. Mean FRMDs per treatment were estimated in each soil layer from four replicates (in the four blocks). Total belowground biomass was estimated in each plot summing the mean values of fine, medium-sized and coarse root dry masses.
Specific root length (SRL, m g -1 ) was estimated as the ratio between the length and the dry mass of the fine roots in each sub-sample, and specific root area (SRA, cm 2 g -1 ) as the ratio between the area and the dry mass of the fine roots in each sub-sample. Fine root length density and fine root area density were estimated at each sampling date in each soil sample multiplying FRMD by SRL and SRA, respectively. We used SRL and SRA measured at the same position at the same depth in the same plot in September/ October 2012 and March/April 2013 to estimated fine root length density and fine root area density in September/ October 2013 and March/April 2014, respectively. Fine root mass per soil layer in each plot (FRM, g root mass m -2 ground area) and fine root length per soil layer in each plot (FRL, km root length m -2 ground area) were estimated multiplying mean FRMD and mean fine root length density in each soil layer, respectively, with the corresponding soil volume. Root area index (RAI, m 2 root surface m -2 ground area) was estimated per soil layer in each plot by multiplying FRM with the mean SRA. Soil moisture in each layer was measured from 20 g of soil dried at 105°C for 72 h. Roots of Brachiaria decumbens Stapf, the main plant species in the inter-row of orange orchards in Brazil, were separated in all the soil samples collected at position 4 (Fig. 2) . The methodology shown above to estimate fine root biomass for orange plants was used.
However, B. decumbens roots were not scanned and fine root lengths and areas were not estimated.
Data analyses
Effects of treatments and blocks on trunk diameter, LAI, aboveground biomass, belowground biomass, and fruit yield were assessed using two-way analyses of variance (proc glm in SAS). Sampling positions were located close to different trees in each plot. Therefore, individual root biomass measurements within a given soil layer were considered independent. Three-way ANOVAs were made to test the effects of treatments, blocks, and sampling dates, as well as the interaction between sampling dates and treatments on FRM, FRL and RAI in each soil layer (0-25, 25-50, then every 50 cm-thick layer down to 750-800), as well in the whole soil profile (0-800 cm). Homogeneity of variances was tested by Levene's test and original values were log-transformed when variances were unequal. Mixed-effect models were used to test the effects of treatments, soil depth, season, sampling position, and interaction between treatments and season, treatments and sampling position, treatments and soil depth, sampling position and soil depth, sampling position and season, soil depth and season, soil depth and sampling position, as well as season and sampling position (as fixed effects) on fine root mass density (FRMD), fine root diameter, SRL and SRA. Blocks were considered as random effects. Residues were modelled by a first-order autoregressive correlation model to account for the correlations between soil depths. Fig. 2 Sampling grid scheme for fine root density measurements. The four sampled positions (P1, P2, P3 and P4, grey-filled circles) were distributed at different distances of four trees (black-filled circles) in each plot. The total number of sampled positions in our study was 128 (4 positions 9 4 blocks 9 2 treatments 9 4 dates). P2 and P3 were sampled down to a depth of 1 m and P1 and P4 were sampled down to a depth of 8 m. The hatched rectangle indicates the position of the trench dug to sample mediumsized roots. The shaded area in each inter-row indicates the presence of the Brachiaria decumbens graminea Trees (2017) 31:285-297 289 A significance level of 5% was used in all the analyses. When significant differences were detected between treatments, the Tukey's test was used to compare treatment means. All the data were processed using the software package SAS v.9.2 (SAS, Cary, NC, USA).
Results
Growth and fruit production of orange plants
Irrigation did not significantly increase tree height, tree biomass, LAI and fruit yield of orange trees at our study site (Table 2 ). However, a trend toward a slight enhancement (less than 10%) of fruit yields was observed in response to irrigation over three successive years. LAI at the end of winter 2012 was about 4.5 m 2 m -2 for the two water supply regimes. The belowground biomass accounted for 35-38% of the total biomass in the two treatments. The root area to leaf area ratio was 4.3 ± 1.0 m 2 m -2 in rainfed plots and 3.0 ± 0.1 m 2 m -2 in irrigated plots. The soil water content changes were relatively low among the four sampling dates in our sandy soil (ranging from 5 to 10% down to a depth of 7 m), despite a strong seasonal variability of rainfall (Fig. 3) . The sampled period with the lowest soil water contents was Sept/Oct 2012. The effect of irrigation on soil water contents was low, whatever the soil layer.
Spatial variability of fine root mass densities
While the densities of orange fine roots were not influenced by the water supply regime and the sampling season, they were highly dependent on the sampling depth, the position relative to trees as well as their interaction (Table 3) . Fine root densities, and maximum rooting depths sharply Table 2 Mean tree height, trunk diameter, leaf area index (LAI), root area index (RAI), root area to leaf area ratio (RAI/LAI), aboveground and belowground dry matter in November 2012, mean total fine root dry matter across all the sampling dates, mean depth of front root across all the sampling dates, maximum depth of the root front and fruit yield (fresh weight) in 2012, 2013 and 2014 declined from the vicinity of the trunks to mid inter-rows (Fig. 4a, b) . Densities of orange fine roots at the P1 sampling position were approximately 70% higher than at the P4 position in both treatments across the four sampling periods. The density of B. decumbens fine roots sampled in the interrow was 56% lower than the density of orange fine roots at the same position in the 0-25 cm soil layer, and much lower in all the soil layers below a depth of 25 cm (Fig. 4b, c) . Orange and B. decumbens FRMDs dropped below the upper soil layer (0-25 cm) in both treatments. The deepest B. decumbens roots were found in the 350-400 cm soil layer in the rainfed treatment and in the 300-350 cm soil layer in the irrigated treatment (Fig. 4c) .
Fine root distributions throughout the soil profiles
Total FRM over the study period was 711 g m -2 in the irrigated treatment and 826 g m -2 in the rainfed treatment on average across the four sampling dates (Fig. 5a) . However, total FRM was not significantly different between the two treatments as a result of high spatial and temporal variability (Table 2) . While FRM was the highest in the rainfed treatment in summer 2014 (1210 g m -2 ), it was the lowest in the irrigated treatment in winter 2012 (536 g m -2 ). FRM in the 0-1 m soil layer significantly differed between treatments and sampling dates. In this soil layer, FRM ranged from about 400 g m -2 in both treatments at the first three sampling dates to 840 g m -2 in the rainfed treatment in summer 2014.
Total FRL ranged from 8.2 to 17.7 km m -2 over the study period, and RAI ranged from 13.7 to 26.1 m 2 m -2 (Fig. 5b, c) . FRL below a depth of 5 m was generally higher in the rainfed than in the irrigated treatment, but differences were not significant. In summer 2014, FRL below a depth of 5 m accounted for 14.3% of total FRL in the rainfed treatment and only 3.4% in the irrigated treatment. The proportion of FRL in the 0-1 m soil layer was higher in the irrigated treatment than in the rainfed treatment, except in winter 2013. Total RAI across all the sampling dates was 20.7 m 2 m -2 in the rainfed treatment and 16.9 m 2 m -2 in the irrigated treatment. However, differences between treatments were only significant in the 2-3 m soil layer, where RAI was higher in the rainfed (3.8 m 2 m -2 ) than in the irrigated treatment (0.8 m 2 m -2 ) in winter 2012. While mean tree height was approx. 4 m in November 2012, the depth of the root front was approximately 6 m ) down to the root front in rainfed (filled bars) and irrigated (open bars) treatments. Orange roots were sampled at position 1 (75 cm from the nearest tree) (a) and at position 4 (255 cm from the nearest tree) (b), and Brachiaria decumbens roots were sampled at position 4 (c). Mean values and standard errors between the sampling dates are indicated (n = 4), from September 2012 to May 2014 (see Fig. 2 for a description of sampling positions). In the rainfed treatment, fine roots were found in 100% of the soil samples collected at depths \5 m, and in 81, 56, 37, 25, 12 and 0% of the samples collected at the depths of 5.0-5. 5, 5.5-6.0, 6.0-6.5, 6.5-7.0, 7.0-7.5 and 7.5-8 .0 m, respectively. In the irrigated treatment, fine roots were found in 100% of the soil samples collected at depths \4 m, and in 94, 75, 69, 44, 6 and 0% of the samples collected at the depths of 4.0-4.5, 4.5-5.0, 5.0-5.5, 5.5-6.0, 6.0-6.5 m, and [6.5 m, respectively Trees (2017) 31:285-297 291 across the sampling periods in both treatments. However, orange trees are frequently pruned in the orchards and the height of trees growing in natural conditions would be higher. Some fine roots were observed more deeply in the rainfed treatment (down to a depth 7.0-7.5 m) than in the irrigated treatment (down to 6.0-6.5 m) but the effect of irrigation on root front depth was not significant across the four sampling periods (Table 2 ). About 50% of the total fine root mass was in the 0-1 m soil layer, whatever the treatment and the season (Fig. 6 ). The highest difference between treatments occurred in winter 2012, with 52% and 68% of the total fine root mass in the 0-1 m soil layer in the rainfed treatment and the irrigated treatment, respectively.
Fine root traits
The water supply regime did not significantly influence fine root diameter, SRL and SRA (Table 3) . These root traits were significantly influenced by the sampling depth and the sampling position, as well as their interaction (except for fine root diameter). Fine root diameters were also significantly influenced by the sampling season, with a mean value of 0.58 mm at the end of the winter and 0.65 mm at the end of the summer across the sampling depths and treatments (Fig. 7) . Mean fine root diameters ranged from 0.36 to 0.85 mm at the end of the winter, depending on the soil layer, and from 0.56 to 0.81 mm at the end of the summer, with a trend toward an increase with soil depth (Fig. 7) . Mean SRL was 15 m g -1 and mean SRA was 279 cm 2 g -1 across the sampling seasons, depths and treatments. SRL and SRA changes were low between the upper and the lower soil layers. While mean SRL was not affected by the season, mean SRA was 16% higher at the end of winter 2012 than at the end of summer 2013 (Table 3) . SRL was 14.9 and 15.0 m g -1 on average across the sampling depths in the rainfed treatment, and 15.0 and 15.8 m g -1 in the irrigated treatment at the end of the winter and the summer, respectively. SRA was 268 and , and root area index (RAI) (c) in rainfed and irrigated orange orchards, from September 2012 to March 2014. Roots were sampled at the end of the winter (September/October) and at the end of the summer (March/ April). Standard errors between blocks are indicated (n = 4). Significant differences between sampling dates and treatments (P \ 0.05) are indicated by different letters, in lower case for an individual soil layer and in upper case for the whole soil profile 295 cm 2 g -1 on average across the sampling depths in the rainfed treatment, and 247 and 305 cm 2 g -1 in the irrigated treatment at the end of the winter and the summer, respectively.
Discussion Fine root biomass
As far as we are aware, our study is the first to quantify the fine root mass down to the root front, as well as the fine root length and fine root area in tropical orange orchards. Fine root biomass ranged from 528 g m -2 in the irrigated treatment in winter 2012-1200 g m -2 in summer 2014 in the rainfed treatment, which was higher than the range from 100 to 500 g m -2 reported for terrestrial ecosystems (Jackson et al., 1997) . Mandarin fine root biomass ranged from 220 to 620 g m -2 down to a depth of 0.3 m in India, depending on the season (Dhyani and Tripathi 2000) , which is consistent with our estimates for orange orchards down to a depth of 8 m in Brazil. While drip irrigation also decreased fine root biomass down to the root front in sugarcane crops (Battie-Laclau and Laclau 2009), the opposite was observed in jujube plantations, with less fine root biomass in the rainfed treatment than in the irrigated treatment . Total fine root biomass in our study was highly dependent on the rainfall regime the months before each sampling date. Fine root biomass was higher in summer 2014 than at the other sampling dates, as a result of higher fine root densities in the 0-1 m soil layer. We speculate that this pattern might reflect a concentration of extractible water in the topsoil as a result of low-intensity rainfall events the months before root sampling (Fig. 1) , which might have favoured root growth in the upper soil layers. The adjustments in belowground biomass allocation play a critical role to explain the responses of plants to different conditions of light and nutrient supply (Freschet et al. 2015) .
Fine root distributions
Drip irrigation did not modify the main characteristics of the spatial distribution of fine roots. Indeed, the maximum rooting depth and the fine root densities were higher in the planting row than in the inter-row for the two water supply regimes, whatever the sampling date. The sharp decrease in fine root densities with soil depth observed in our study is common for tropical tree species (e.g. Oliveira et al. 2005; Freycon et al. 2015) . Fine roots in the topsoil play an essential role to take up water and nutrients after rainfall events. The moisture of the soil layers influences fine root vertical distributions, and a shift of fine root growth between superficial and deep layers may contribute to improving the survival of tropical orange trees during drought periods.
In agreement with our first hypothesis, about 50% of the total FRM was found below a depth of 1 m in our rainfed and irrigated orange orchards, which is a similar proportion as in eucalypt and sugar cane plantations in deep Brazilian Ferralsol soils (Battie-Laclau and Laclau 2009; Laclau et al. 2013) . The maximum depth reached by fine roots was 30% lower in the inter-row than close to the orange plants across all the sampling dates, regardless of the water supply regime. This pattern might reflect the architecture of tree roots with a decrease in root densities with the distance from the trunk commonly observed (e.g. Sudmeyer et al. ). In addition, the availability of water and nutrients for orange plants was probably lower in the inter-row than close to the planting row, as a result of competition between B. decumbens and orange plants.
The root front was only slightly deeper in the rainfed treatment than in the irrigated treatment, which might reflect the low rainfall deficit at our study site suggested by a non-significant effect of drip irrigation on LAI and fruit production. A similar pattern was shown for deep roots of sugar cane in the same region with a root front reaching 4.7 and 4.2 m in treatments rainfed and irrigated, respectively (Battie-Laclau and Laclau 2009). In a semi-arid environment, roots of jujube plantations reached 10 m in rainfed plots and only 4 m in plots where drip irrigation was applied . A concentration of fine roots in resource-rich soil patches is well documented (e.g. Hodge 2004) , and recent studies carried out in deep tropical soils suggest that plant plasticity makes an adjustment possible of root front depth to the water availability in the top soil (Abouatallah et al. 2012; Ma et al. 2013) . Plants with high water requirements growing under climates with prolonged dry periods commonly explore very deep soil layers. In a review, Canadell et al. (1996) showed that tropical savanna is the biome with the deepest rooting depth (15 ± 5 m on average) and among the greatest depths reached by roots (down to 68 m). Despite the scarcity of fine roots in very deep soil layers, eddy-covariance measurements of actual evapotranspiration show that they have a crucial role to supply plant water requirements during dry periods in tropical crops (Cabral et al. 2012) , savannas and forests (Rocha et al. 2009 ). Modeling approaches show that the Amazonian climate is dependent on water withdrawal by trees at depths [10 m over dry seasons (Kleidon and Heimann 2000; Saleska et al. 2007) , which highlights that the role of deep roots in tropical terrestrial ecosystems deserves more attention.
Fine root traits
In agreement with our second hypothesis, the order of magnitude of morphological root traits (mean diameter, SRL and SRA) was similar in superficial and deep soil layers. A low effect of drip irrigation on fine root traits might be partly explained by a low water deficit at our study site shown by non-significant effects of drip irrigation on LAI and fruit production. The increase in fine root diameter and SRA in summer 2013 relative to winter 2012 might be a result of the increase in soil water contents throughout the soil profile. A meta-analysis suggested that plants generally have more flexibility to alter their morphology than their biomass allocation (Poorter et al. 2012) which was confirmed for leaf area adjustment to light availability in a recent experimental study carried out for 12 herbaceous species (Freschet et al. 2015) . However, changes in fine root length in response to nutrient stress in the latter study was mainly driven by changes in dry matter allocation and minor changes in SRL suggest that allocation to roots could be more important for plants to achieve an increase in root length than root morphology changes (Freschet et al. 2015) . Consistently with low root morphology changes in response to environmental changes, 9 years of irrigation did not significantly change SRL and fine root diameter in Quercus pubescens and Pinus sylvestris stands (Herzog et al. 2014) . SRL values down to a depth of 1 m for orange trees in our study (from 12 to 18 m g -1 ) were slightly higher than the range from 8 to 14 m g -1 observed for apple trees (Zhuo-Ting et al. 2010 ). Root traits measured at the community level in 20 plant communities across three climatic zones (tropical, mediterranean and montane) showed that roots had different suites of traits between the topsoil and the 100-150 cm soil layers, which suggested that root exploitation capacities were dependent on soil depth (Prieto et al. 2015) . However, the effect of soil depth on fine root traits was low. While mean fine root diameter was 10% higher in the 100-150 cm layer than in the 0-20 cm layer, SRL did not significantly differ between the two layers. A recent study carried out for four eucalypt genotypes in Brazil also showed a low effect of the sampling depth in the soil (down to 11 m) on fine root traits (Pinheiro et al. 2016) . Further investigations are needed to assess if the low changes in fine root traits across very deep soil profiles are common in tropical regions.
Biomass production and consequences for the management of orange orchards
Our third hypothesis was not fully validated since the decrease in RAI/LAI ratio in response to irrigation was only marginally significant (at P \ 0.10). However, this trend suggests a plasticity of orange trees making it possible to adjust the area of water uptake (fine roots) to the availability of water in the soil, as reported for other tree species (Magnani et al. 2002; Costa e Silva et al. 2004; Pinheiro et al. 2016) . Although RAI was 39% higher in rainfed plots than in irrigated plots in our study, the RAI/ LAI ratios were not significantly different between the two treatments as a result of a large variability in the rainfed plots. Surprisingly, for an important fruit crop in tropical and Mediterranean regions, total tree biomass estimates are scarce in the literature for Citrus orchards. Self-shading is high in the crown of Citrus trees and LAI can reach up to 11 m 2 m -2 , even though values between 3 and 5 m 2 m -2 are much more common (Castro Neto 2013; Consoli et al. 2014) . While the total biomass of 7-year-old orange plants in our study was 75-80 kg tree -1 , it was 43 kg tree -1 at age 8 years for Navelina scion Citrus sinensis (L.) Osbeck grafted onto Carrizo citrange rootstock C. sinensis 9 Poncirus trifoliata L. (Raf.), which represents [70% of the orange production in Spain (Quiñones et al. 2013) . The tree biomass measured in our study at age 7 years was only reached at age 11 years in Spain, where trees are considered adult from age 8 years onwards. The rates of biomass accumulation were slower in the Spanish orchards sampled by Quiñones et al. (2013) than in our study and only 27% of the total biomass was found belowground in 8-year-old trees (\20% from age 10 years onwards), while root biomass accounted for 35-38% of the total biomass in our Brazilian orchard.
Fruit yield in our study was representative of intensively managed orchards in Brazil (CONAB 2011). The mean productivity of orange orchards in the São Paulo state is lower, on average about 27 Mg ha -1 year -1 (CONAB 2011; EMBRAPA 2011). About 20% of the orange orchards in the São Paulo state are currently irrigated (Coelho 2010; Salomão et al. 2012) . A study comparing fruit yields in rainfed, irrigated and fertirrigated orange orchards close to our study site showed a mean production of 48.8 Mg ha -1 of fruit. The fruit production increased by 8.3 and 4.0% in fertirrigated and irrigated plots relative to rainfed plots, respectively (Duenhas et al. 2005) .
The lack of significant effect of drip irrigation on fruit yields in our deep Ferralsol suggest that deep fine roots have an important functional role, providing access to large amounts of water stored in deep soil layers during the rainy season. This role is likely to increase under climate changes since the intensity and frequency of future droughts should be exacerbated in tropical and subtropical regions (Solomon et al. 2009; Hawkins and Sutton 2012; IPCC 2013) . Although the positive effect of irrigation on fruit yield from 2012 to 2014 was insignificant in our orange orchard, irrigation might become essential in the future to reduce the inter-annual variability of fruit production under extreme climatic events.
Conclusion
The total fine root biomass ranged from approximately 500 to 800 g m -2 in rainfed and irrigated orange orchards at most of the sampling dates. The root front reached about Trees (2017) 31:285-297 295 6 m close to the trees and 4.5 m in the inter-row, and about 40% of the total fine root mass was found below a depth of 1 m. The effect of drip irrigation on fine root distribution was weak, with a trend toward a higher exploration of very deep soil layers in rainfed plots than in irrigated plots. Morphological root traits (mean diameter, SRL and SRA) were little affected by the water supply regime and the changes with soil depth were unclear. Root area index was more responsive to irrigation than leaf area index. Recent studies show that small densities of very deep roots can have an important functional role to supply the water demand of tropical trees during dry periods, providing access to water stored in deep soil layers during the rainy season. Our study suggests that improving our understanding of fine root ecology in very deep soil layers could help manage the irrigation of tropical orange orchards under a more variable future climate.
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